the purpose of this study was to evaluate the incidence and microscopic anatomy of the isthmus to provide more precise anatomical information about the mesiobuccal (MB) roots of the maxillary first molars and the mesial (M) roots of the mandibular first molars. Twenty-eight maxillary and 31 mandibular first molars were embedded, sectioned, stained, and observed at 30× magnification to evaluate the incidence and microscopic anatomy of the isthmus. The incidence of an isthmus 3 mm from the apex was 89.3% and 100% in the MB roots of the maxillary first molars and in the M roots of the mandibular first molars, respectively. The mean dentin thickness between the isthmus and the distal root surface was <1 mm at a distance of 3 mm from the apex in both types of roots. In this study, whenever two main canals were located in the MB roots of the maxillary first molars and in the M roots of the mandibular first molars, the likelihood of the presence of an isthmus increased. Therefore, clinicians should be aware of the thinnest dimensions in the distal surface of the MB roots of the maxillary first molars and the M roots of the mandibular first molars during nonsurgical and surgical root canal treatment.
Endodontic microsurgery is a treatment option when nonsurgical root canal treatment fails to resolve periapical pathosis because of anatomical complexities. Although the success rate of endodontic microsurgery for molars is high, previous studies investigating success rates have reported lower success rates for molars than for anterior teeth 1, 2 . The low success rate may be attributed to the limited accessibility of the site and the complexities of root canal anatomy, particularly the presence of an isthmus, which can act as a reservoir for necrotic tissue and bacterial growth 3 . The recognition and management of isthmus areas are important factors that may improve the success rate of endodontic microsurgery in molars 4 .
One of the main anatomical complexities of the molars is the presence of an isthmus, which is defined as a narrow, ribbon-shaped communication between two root canals that contains pulp tissue 5 . Several studies have reported the incidence of an isthmus in the mesiobuccal (MB) roots of the maxillary first molars to range from 76% to 100%, and the incidence has been reported to be approximately 83% in the mesial (M) roots of the mandibular first molars [5] [6] [7] [8] . Additionally, a high incidence of an isthmus in the roots of the first molars, particularly located 3 mm to 5 mm from the apex, has also been reported 9 .
In a recent retrospective clinical study, we reported that the success rate of endodontic microsurgery for isthmus-absent teeth was higher than that for isthmus-present teeth in molars 10 . In that study, the most frequent cause of failure identified during extraction or root amputation was vertical root fracture. Sathorn et al. 11 reported that fracture susceptibility increased as the thickness of the remaining root dentin after canal preparation decreased. Additional reductions in root dentin are required for isthmus-present teeth during surgical root-end preparation; thus, further root weakening is unavoidable in isthmus-present teeth compared with isthmus-absent teeth.
Classification and Incidence of the Isthmus. The type of isthmus configuration was classified according to the report by Hsu and Kim 9 (Fig. 1) . A type I isthmus was defined as either two or three canals with no notable communication. A type II isthmus was defined as two canals that possessed a definite connection between the two main canals. A type III isthmus differed from a type II isthmus only in the presence of three canals instead of two. Canals extending to the isthmus area were classified as a type IV isthmus. A type V isthmus was identified as a true connection throughout the section.
The incidence of an isthmus at each level was recorded based on the classification reported by Teixeira 15 . The Hsu and Kim 9 classification of a type I isthmus was classified as no isthmus; types II, III, and IV were classified as a partial isthmus; and type V was classified as a complete isthmus.
Measurement of minimum dentin thickness and statistical methods. The minimum dentin thickness of each specimen was recorded. The measurement parameters according to each type of isthmus are described in Fig. 1 . The abbreviations for the measurement parameters are delineated as follows: L1: the shortest line between the mesial and distal root surfaces; L2: a line between the external lingual limit of the mesiobuccal (MB) canal and the external buccal limit of the mesiolingual (ML) canal; L3: the shortest line between the mesial and distal root surfaces passing through the centre of the canal; MBB: the shortest linear distance between the MB canal wall and the buccal root surface perpendicular to L1; MLL: the shortest linear distance between the ML canal wall and the lingual root surface perpendicular to L1; MBM: the shortest distance between the MB canal wall and the mesial root surface; MBD: the shortest distance between the MB canal wall and the distal root surface; MLM: the shortest distance between the ML canal wall and the mesial root surface; MLD: the shortest distance between the ML canal wall and the distal root surface; IM: the distance from the intersection of L1 and L2 to the mesial root surface; and ID: the distance from the intersection of L1 and L2 to the distal root surface.
One-way analysis of variance and multiple comparisons using the Bonferroni post hoc test were conducted to evaluate the minimum dentin thicknesses. All data were analysed using SPSS version 23.0 (IBM Corporation, Somers, NY), and the significance level was established at 0.05.
Results
Classification and incidence of an isthmus. A total of 140 and 155 specimens were obtained from the maxillary and mandibular first molars, respectively. The results are summarized in Table 1 . In the MB roots of the maxillary first molars, a type II isthmus was the most prevalent at distances of 2 mm, 3 mm and 4 mm from the apex, and a type V isthmus was the most prevalent at a distance of 5 mm from the apex. The incidence of an isthmus was most prominent 3 mm from the apex (89.3%). In the M roots of the mandibular first molars, a type Measurement of minimum dentin thickness. Four specimens from the MB roots of the maxillary first molars and seven specimens from the M roots of the mandibular first molars had no canal present within 1 mm from the apex. At the completion of the assessment, 136 specimens from the MB roots of the maxillary first molars and 148 specimens from the M roots of the mandibular first molars were evaluated. The mean minimum dentin thickness in both types of roots for each measurement parameter is presented in Table 2 .
In the MB roots of the maxillary first molars, the mean value of minimum dentin thickness tended to increase as the distance from the apex increased. There were significant differences in MBB (1 mm < 2 mm < 3, 4, and 5 mm), MLL (1 and 2 mm < 3, 4 and 5 mm), and MBM (1 mm < 2, 3, 4 and 5 mm) (P < 0.05). The dentin thickness increased up to a distance of 3 mm from the apex, but there were no significant differences among the other levels. There were no significant differences in MBD, MLM, MLD, IM and ID (P > 0.05) among the samples from different section levels. Figure 2A illustrates the comparison of the mesiodistal dimension (MBM, MBD, MLM, MLD, IM and ID) in the MB roots of the maxillary first molars 3 mm, 4 mm, and 5 mm from the apex. There were no statistically significant differences among the samples from groups 3 mm, 4 mm, and 5 mm from the apex.
In the M roots of the mandibular first molars, the mean minimum dentin thickness tended to increase as the distance from the apex increased. There were significant differences in MBB (1 mm < 2, 3, 4, and 5 mm), MLL (1 < 2, 3, 4, and 5 mm), MBD (1 mm < 2, 3, 4, and 5 mm), MLD (1 mm < 2, 3, 4, and 5 mm), and ID (1 mm < 2, 3, 4, and 5 mm) (P < 0.05) between the 1 mm and 2 mm levels, but there was no significant difference among the other levels. There were no significant differences in MBM, MLM, or IM (P > 0.05) among samples from different 
Discussion
Several studies have investigated the anatomical structure of the maxillary and mandibular first molar(s) using various methods 5, 8, 9, [16] [17] [18] . Micro-computed tomography (Micro-CT) has emerged as a modern technique used for the evaluation of root canal anatomy by reconstructing the root canal system. Although micro-CT has the advantage of not destroying the specimen, the size of an isthmus is too small to obtain an accurate image with micro-CT. Sectioning and staining have greater accuracy than other techniques for the detection of an isthmus. Regardless of whether a particular technique destroys the specimen, however, it is important to accurately Table 2 . Mean minimum dentin thickness (mm) in the MB roots of the maxillary first molars and M roots of the mandibular first molars. For each parameter, different letters indicate a significant difference (P < 0.05). www.nature.com/scientificreports www.nature.com/scientificreports/ characterize the isthmus and measure the minimum dentin thickness. Therefore, we sectioned and evaluated the teeth under a stereomicroscope. To the best of our knowledge, there are no published studies that have used topographic techniques to evaluate the incidence of an isthmus on the MB roots of the maxillary first molars and on the M roots of the mandibular first molars.
In the present study, the incidence of an isthmus in the MB roots of the maxillary first molars and the M roots of the mandibular first molars was 71.4% to 89.3% and 71.0% to 100%, respectively, at the investigated resection levels (except the 1 mm section). These results support the findings of previous in vivo research that reported the incidence of an isthmus. Von Arx 8 reported that, in cases requiring root-end surgery, the incidence of an isthmus 3 mm to 4 mm from the apex in the MB roots of the maxillary first molars and the M roots of the mandibular first molars was 76% and 83%, respectively. The high incidence of an isthmus 2 mm to 5 mm from the apex suggests that these spaces may be a concern during nonsurgical root canal treatment. Due to the complex structure of an isthmus, it is difficult to perform direct mechanical preparation and chemical disinfection. To overcome this anatomical complexity, various preparation and irrigation methods have been introduced to disinfect necrotic debris and tissue remnants in the isthmus 19, 20 . Sufficient use of appropriate irrigation fluids, such as sodium hypochlorite, is also required 21 .
The high incidence of an isthmus is also a significant concern in surgical root canal treatment. Modern endodontic surgery suggests that the optimal root-end resection level is 3 mm to 4 mm 22, 23 . Whenever two main canals are located in the MB roots of the maxillary first molars and in the M roots of the mandibular first molars, the greater the likelihood is of the presence of an isthmus at the resected root-end surface. Thus, clinicians should be aware of the high incidence of an isthmus, and resected surfaces should be carefully observed at a high magnification using a surgical operating microscope after methylene blue staining.
With nonsurgical root canal treatment, the residual dentin thickness following intra-radicular procedures is correlated with the fracture resistance of the root 24 . It has been suggested that 3 mm is the minimum dentin thickness of canal walls that should remain for canal preparation. This may be the case when performing root-end preparation after root resection in endodontic surgery. Because the shape of the root is normally tapered at the apex, the residual dentin thickness on the resected root can be considered more important than that on the coronal part of the teeth. Additionally, in our previous study 10 , we found that the lower success rate in isthmus-present teeth was associated with the isthmus preparation procedure itself, which resulted in weakening of the root. Therefore, we also observed the minimum dentin thickness at various parameters in each section.
The average ID 3 mm from the apex was 0.87 mm and 0.88 mm (i.e., <1 mm) in the MB roots of the maxillary first molars and in the M roots of the mandibular first molars, respectively. The mean MLD of both types of roots was also <1 mm 3 mm from the apex. These results have important implications for retro-preparation after root-end resection. Considering that the diameter of the ultrasonic tips used in root-end preparation is 0.5 mm, isthmus preparation 3 mm from the apex will leave a thin dentin layer of <0.62 mm and 0.63 mm at the ID in MB roots of the maxillary first molars and in M roots of the mandibular first molars, respectively. Furthermore, misalignment during root-end preparation is a common complication during root-end surgery, which may result in further removal of dentin. Many investigators have raised concerns that ultrasonic tips create micro-fractures in thin areas of the root. Abedi et al. 13 recommended that the remaining dentin thickness after retro-preparation should be at least 1 mm because of a significant increase in the incidence of micro-fractures in dentin <1 mm thick. One textbook of surgical endodontics recommends that a 2 mm border of the peripheral root structure must exist around the cavity preparation; if not, the root should be resected further, in 1 mm increments, until there is 2 mm present 25 . However, in this study, there was no region with a minimum dentin thickness of 2 mm in both roots 1 mm to 5 mm from the apex, even without previous enlargement of the canals during nonsurgical endodontic treatment and retro-preparation. Degerness and Bowels 17 reported results similar to those of our study. Furthermore, there were no statistically significant differences between the mesio-distal dimension (i.e., MBM, MBD, MLM, MLD, IM and ID) in either roots at distances of 3 mm, 4 mm, and 5 mm from the apex. Therefore, resecting the root more coronally to obtain thicker levels of remaining dentin would be avoided.
These results are also meaningful for nonsurgical root canal treatment. MLD and ID are parameters involved in the "danger zone", which is prone to perforation when performing root canal treatment. Excessive mechanical preparation for the removal of bacteria and adequate irrigation needle depth would be avoided in both roots, preventing iatrogenic perforation and weakening of the root.
A previous study reported that root canal length varied according to race. Kim et al. 26 reported that the MB root canal length of the maxillary first molars in Asians was 1.5 mm shorter than that in Caucasians. The mean difference in canal length of pooled teeth between the Asian and Caucasian teeth was 1.2 mm. It was difficult to find studies comparing the thickness of roots according to race; nevertheless, it is highly probable that there is a difference in dentin thickness according to race, considering the difference in root canal length. Therefore, the results of this study, which involved an Asian population, may be different in a Caucasian cohort.
One strength of the present study was the measurement of minimum dentin thickness and the description of the type of isthmus, which have not been previously reported. Nevertheless, this study had some limitations, including its relatively small sample size and the fact that the age and sex of the donors were not considered. Within these limitations, however, clinicians must be aware of the thinnest dimensions in the distal surface of MB roots of the maxillary first molars and M roots of mandibular first molars during root-end preparation and must conscientiously plan in the mesial direction, where a relatively abundant tooth structure is present and could be helpful in preventing root weakening. Research investigating new ultrasonic tips that minimize weakening of the remaining dentin at the thinnest area or a new method of root-end preparation that minimizes stress distribution may improve the success and long-term prognosis of endodontic surgery in isthmus-present teeth.
